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38 Abstract  

Oil  spills  have  been  recognized  as  among  the  worst  kinds  of  environmental  disasters,  causing  

severe  coastal  ecological  and e conomic  damages.  Although b enthic  flow  and s olute  fluxes  are  

known  to  have  strong  impacts  on  fate  and  transport  of  oil  deposited  within  marine  sediments,  

their  endogenous  mechanisms  still  remain  to  be  uncovered.  In  this  paper,  simulations  of  flow  

and  solute  transport  processes  along  with  hydrocarbon  biodegradation  were  conducted  in  a  

cylindrical  benthic  chamber  system  to  investigate  influences  of  benthic  hydrodynamics  on  oil  

biodegradation  in  permeable  marine  sediments.  Results  show  that  ripple-flow  interactions  

create  subsurface  recirculation  cells  whereby  seawater  infiltrates  into  the  benthic  sediments  at  

ripple  troughs  while  groundwater  discharges  near  the  crests.  It  results  in  a  spatially  varied  oil  

biodegradation  rate  in  marine  sediments.  Significant  oil  biodegradation  occurs  near  sediment  

ripple  troughs  due  to  direct  oxygen  recharge,  while  biodegradation  of  oil  deposited  uphill  

becomes  slow  due  to  limited  oxygen  replenishment.  Oil  biodegradation  decreases  subsurface  

oxygen  content,  and  consequently  impedes  discharge  of  oxygen  from  benthic  sediments.  Our  

results  reveal  a  dynamic  interaction  between  oil  biodegradation  and  benthic  flow  and  solute  

transport  processes,  which  has  strong  implications  for  predicting  oil  persistence  and  

biodegradation  within  marine  sediments  and  its  associated  impacts  on  benthic  

biogeochemical  processes.  
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57 1. I ntroduction  

Oil  spills  pose  severe  threats  to  marine  coastal  areas  worldwide,  deteriorating  shoreline  

environments  and  causing  severe  ecological  and  economic  damage.  The  1989  Exxon  Valdez  

oil  spill  contaminated  around  800  km  of  shorelines  within  Prince  William  Sound,  Alaska  

[Michel  and  Hayes,  1999;  Short  et  al.,  2004;  Boufadel  et  al.,  2016].  In  2002,  the  Prestige  oil  

spill  occurred  off  the  coast  of  Galicia,  Spain,  polluting  over  600  sandy  beaches  along  the  

Spanish A tlantic  coast  [Fernández-Fernández  et  al., 2011;   Acosta-González  et  al., 2015] . T he  

2010  Deepwater  Horizon  oil  spill  led  to  the  release  of  an  estimated  3.19  million  barrels  of  

crude  oil  into  the  Gulf  of  Mexico  and  an  estimated  22,000  tons  of  weathered  oil  washed  up  

on  northern  Gulf  of  Mexico  beaches  [Michel  et  al.,  2013;  Boufadel  et  al.,  2014;  Geng  et  al.,  

2021a].  Incidents  of  these  magnitudes  resulted  in  serious  consequences  on  marine  ecosystems,  

degrading  abundance  and  diversity  of  benthic  communities  [Glemarec  and  Hussenot,  1981;  

Teal  and  Howarth,  1984].  The  toxicity  in  oils  is  primarily  from  aromatic  hydrocarbons,  

particularly  polycyclic  aromatic  hydrocarbons  (PAHs)  [Neff,  2002].  Marine  organisms  are  

found  to  be  affected  by  PAHs  at  every  life  stage,  from  free  floating  embryos  and  larvae  to  

sexually  mature  adults  [Adzigbli  and  Yuewen,  2018],  and  across  species  types.  For  instance,  

crustaceans  can  be  exposed  to  oil  through  digging  into  oiled  sediments,  ingestion  with  food,  

and  direct  interaction  [Cormack  et  al.,  2011;  Montagna  et  al.,  2013],  and  often  experience  

high  mortality  after  oil  spills  [McCay  et  al.,  2001].  Bodkin  et  al.  [2012]  reported  consequent  

impacts  of  the  Exxon  Valdez  oil  spill  on  the  decrease  in  sea  otter  subpopulation  rate  in  the  

heavily  oiled  northern  Knight  Island  area  of  Prince  William  Sound.  Reuscher  et  al.  [2017]  

investigated  impacts  of  the  Deepwater  Horizon  oil  spill  on  benthic  infauna  of  the  northern  

Gulf  of  Mexico  continental  slope.  Their  study  found  that  oil  originating  from  the  Deepwater  

Horizon r eached t he  seafloor  and ha d a   persistent  negative  impact  on di versity  of  soft-bottom,  

deep-sea  benthic  communities.  While  signs  of  recovery  for  some  benthic  community  
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variables are shown, full recovery had not yet occurred even four years after the spill. 

There are various driving mechanisms that can cause sedimentation of spilled oil onto 

nearshore and benthic sediments [Teal and Howarth, 1984; Boufadel et al., 2019]. Mixing of 

spilled oil with sediments often occurs in shallow water by breaking waves and further 

transport to deeper water is driven by subsequent currents (Figure 1A) [Owens and Lee, 2003; 

O'Laughlin et al., 2017]. Oil could also attach onto particulate matter suspended in the water 

column and subsequently sink in deeper water [Gong et al., 2014; Shan et al., 2020]. Pore-

water advection within marine sediments is often generated by the pressure gradients at the 

sediment surface that occur when bottom current flow is deflected by topographical structures 

such as mounds or ripples [Huettel and Gust, 1992; Janssen et al., 2005a]. It has been proven 

to play a critical role in biogeochemical processes in marine benthic sediments, including 

carbon mineralization, nutrient recycling, and recycled primary production [Janssen et al., 

2005a; Geng et al., 2021b]. Tracer studies illustrated that ripple-flow interactions generate 

groundwater recirculation cells in marine sediments with flows infiltrating in the ripple 

troughs and exfiltrating from crests (Figure 1B) [Webb and Theodor, 1968; Shum, 1992]. 

Such seawater-groundwater recirculation brings organic matter and oxygen into the sediment, 

creates horizontal concentration gradients that can be as strong as the vertical gradients, and 

provides an important mechanism for enhancing mineralization of organic matter in marine 

sediments [Huettel et al., 1998]. Although advective flow and solute fluxes across the water-

sediment interface could have strong impacts on fate and transport of oil deposited within 

marine sediments, endogenous mechanisms of benthic flow and solute exchange interacting 

with oil biodegradation in marine sediments have not been investigated yet. 

Investigation of benthic flow and solute exchange has been widely performed with benthic 
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chambers. Experiments involve benthic stirred chambers where the centrifugal-force-induced 

pressure gradients at the sediment surface generate pore-water advection that circulates the 

overlying water through the sediment [Tengberg et al., 1995; Glud et al., 1996], and benthic 

landers deployed to the sea floor for direct in-situ measurements and observations [Black et 

al., 2001; D'Onghia et al., 2018]. Mathematical modeling has also been widely used to 

investigate flow and solute transport processes within benthic sediments. It allows us to 

interpret measurement data collected from experiments and examine complex field-like 

conditions which are difficult to reproduce with laboratory experiments. Khalili et al. [1997] 

and [1999] derived a numerical solution of the Darcy-Brinkmann-Lapwood equation to 

characterize the axisymmetric advective flow in a cylindrical chamber system. Calculations 

were performed to quantify the flow exchange between the permeable sediment and the 

overlying water. Meysman et al. [2007] conducted numerical simulations to investigate 

biologically and physically induced flow and tracer dynamics in marine benthic sediments. In 

their study, the finite element package COMSOL MultiphysicsTM 3.2a was used to develop 

flow and reactive transport models for characterizations of advective flow and associated 

fluxes across the sediment-water interface. While considerable efforts have been made on 

modeling benthic flow and solute exchange processes, interactions between coastal benthic 

exchange dynamics and oil biodegradation have not been numerically conducted within 

benthic oil-contaminated sediments. 

The objective of this paper is to investigate interactions between benthic oil biodegradation 

and pore-water advection along with solute exchange in marine sediments. We developed a 

two-dimensional (2D) flow and reactive transport model in cylindrical coordinates for the 

investigation. The development was based on transformation of our prior developed 

BIOMARUN model from Cartesian to cylindrical coordinates. We conducted simulations of 
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132 groundwater  flow,  reactive  transport  of  oxygen  and  a  nutrient  (nitrogen),  and  hydrocarbon  

biodegradation  in  a  cylindrical  benthic  sediment  chamber  to  characterize  the  patterns  of  

microbial  degradation  of  oil  subjected  to  benthic  flow  and  solute  flux  exchange  across  the  

water-sediment  interface.  Particle  tracking  was  further  performed  to  analyze  advective  flow  

paths  and  associated  travel  time  in  this  chamber  system.  The  results  highlight  the  important  

role  of  benthic  hydrodynamics  in  hydrocarbon  biodegradation  within  permeable  marine  

sediments.  

 

2. M ethods  

2.1 B IOMARUN  model  in c ylindrical  coordinates  

The  BIOMARUN  model  in  Cartesian  coordinates  has  been  developed  and  validated  in  our  

prior  studies  [Geng  et  al.,  2015;  Geng  et  al.,  2016;  Geng  et  al.,  2017a].  The  model  couples  

the  MARUN  model  [Boufadel  et  al.,  1999;  Geng  and  Boufadel,  2017;  Geng  et  al.,  2020], a   2-

D  finite  element  model  considering  density-dependent  flow  and  solute  transport  in  variably  

saturated  media,  with  the  BIOB  model,  a  multiplicative  Monod  model  for  hydrocarbon  

biodegradation  [Geng  et  al.,  2013;  Geng  et  al.,  2014a].  In  this  paper,  we  transformed  the  

BIOMARUN  model  from  Cartesian  coordinates  to  cylindrical  coordinates,  named  CYL-

BIOMARUN,  to  simulate  benthic  flow  and  solute  transport  processes  in  a  cylindrical  

chamber  system. T he  equation f or  the  conservation of   water  is  written a s:  

∂ ψ ∂ ψ∂(r β K 
r

) ∂(β ∂ K ) 
(βφ S) 1 ∂ 

2

r ∂ ∂ β = + 
z ( K )z + z (1)  

∂ t r ∂ r ∂ z ∂ z ,  

β where   is  the  density  ratio  [-]  defined  as  the  ratio  of  salt-dependent  water  density  to  

φ ψ freshwater  density  [ML-3];   is  porosity  [-],  S  is  soil  moisture  ratio  [-],   is  pressure  head  

K K [L], a nd  r  and  z  are  radial  and ve rtical  freshwater  hydraulic  conductivities.   
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The  conservative  solute  (e.g., s alt)  transport  equation c an be   expressed a s:  

∂c
D 0 ∂

r
+ c

∂ (
r 

D 0
z 

) 
0 ∂r ∂φ c = βφ

r r
z  +  

S φ (2) 
S β∇⋅ r

( SD ⋅∇c ) − q ⋅∇c
∂ 0 0
t r ,  

c
r 

whe e 0 q r   is  concentration, a nd   is  Darcy  flux  vector  given b y:  

r ∂ψ ∂ψ 
q = (q 

r
, q 

z 
) = −(K

r 
, K + β ) (3)  

∂ z
r ∂z ,  

r 
The  term  D  represents  physical  dispersion t ensor  written a s  

r α q
= 1  2 2 

D   
L r +αT qz (αL −αT )qrqz 

 
r 2 2  (4)  
q  (αL −αT )qrqz αT qr +αLqz  ,  

r 
q = q

2 + q2 α αwhere  r z ,  L  and  T  are  longitudinal  and  transverse  dispersivities  (L),  

respectively.  

The  reactive  solute  transport  equation c an b e  expressed a s:  

∂ci ∂c
(D i

φ
rr 

+ ∂ D
c rz 

) r r
SR i r S ∂ ∂z  

i = βφ + β∇⋅ (φSD ⋅∇ci ) − q ⋅∇ci +φ (5)  
DRi r∂ i

t r ,  

R i c rwhere   is  the  retardation  coefficient  of  ith  solute  i ;  i  is  a  reaction  rate  representing  

generation  or  consumption.  Six  reactive  components  of  two  types  of  oil  components  (alkanes  

and  polycyclic  aromatic  hydrocarbons  (PAHs)),  their  corresponding  microbial  degraders,  

dissolved  oxygen  and  a  nutrient  (nitrogen)  are  considered.  The  reaction  network  of  these  six  

components  is  consistent  with  the  BIOB  model,  where  in  general  microbes  consume  

dissolved  oxygen  and  nutrients  for  degrading  oil  compounds  following  modified  Monod  

kinetics.  For  example,  the  growth  coefficient  of  microbial  degraders,  μi,  can  be  expressed  as  

follows:  
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µ 1− X
i

S 4 

= µ ( )( i N O
i max )( )( ) (6)  

Xmax K S + Si K N + N K O + O 
4

,  

Where  i  =  1  and  2,  denoting  alkane  and  PAH  degraders,  respectively,  and  μmax  represents  

maximum  growth  coefficients  (day-1).  The  parameters  Si,  N,  and  O  represent  concentrations  

of  substrate,  nutrient,  and  oxygen.  The  parameters  KS  and  KN  represent  the  half-saturation  

concentrations  for  substrate  and  nitrogen, r espectively  (see  Geng  et  al.  [2014a]  and [ 2015]  for  

details).  The  CYL-BIOMARUN  model  was  validated  by  reproducing  the  experimental  

results  measured i n  Khalili  et  al.  [1999]  (Figure  2).    

 

2.2  Numerical  simulations  of  oil  biodegradation  in  a  benthic  chamber  system  

The  simulated  domain  was  constructed  in  a  cylindrical  coordinate  system  with  the  radius  

length  of  50  cm  and  height  of  100  cm,  representing  a  cylindrical  benthic  chamber  system.  A  

mesh  of  2278  nodes  (34  nodes  in  the  radial  and  67  nodes  in  the  vertical)  was  used,  resulting  

in  ~1.5  cm  spatial  resolution.  The  mesh  was  made  fine  enough  to  meet  the  criterion  for  the  

grid  Peclet  number  to  be  less  than  or  equal  to  2.0  [Zheng  and  Bennett,  2002].  For  the  flow  

simulation,  a  steady-state  radial-symmetric  pressure  distribution  was  applied  at  the  top  

boundary  of  the  domain  (Figure  3A).  This  boundary  condition  is  commonly  used  for  

simulating  the  chamber  system  where  the  sediment-water  interface  is  flat,  and  a  radial-

symmetric  stirring pa ttern  establishes  in  the  overlaying w ater  [Glud  et  al.,  1996].  For  fate  and  

transport  simulations,  a  Dirichlet  boundary  condition  was  used  at  the  top  boundary,  and  a  

Neumann  boundary  condition  with  zero  dispersive  flux  was  assigned  to  the  rest  of  the  

boundaries.  The  initial  concentration  of  dissolved  oxygen  and  nutrients  was  assumed  to  be  

6.0  mg/L  and  1.0  mg/L  in  sediments,  and  1.2  mg/L  and  0.2  mg/L  in  seawater,  respectively.  

To  model  microbial  degradation  of  oil,  the  oil  composition  can  be  modeled  as  pseudo-

components  with  distinct  mass  fractions  and  biodegradation  rate  [Thrift-Viveros  et  al.,  2015].  
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192 For  simplification,  the  oil  was  assumed  to  be  composed  of  two  major  groups,  long-chain  

alkanes  and  polycyclic  aromatic  hydrocarbons  (PAHs),  deposited  within  the  top  5  cm  of  

sediments.  The  concentrations  of  alkanes  and  PAHs  were  assigned  as  4.0  mg/kg  of  sediment  

and 2.0 m  g/kg  of  sediment, r espectively  (Figure  3B).  

 

For  all  the  simulations,  the  numerical  model  was  first  run  for  approximately 100   days  without  

oil  deposition  until  the  hydraulic  and  hydrodynamic  regime  reached  a  steady  state.  The  

pressure  and  solute  distributions  were  then  used  as  initial  conditions  for  the  simulation  with  

oil  contamination  near  the  sediment  surface,  which  ran  over  a  simulation  time  of  300  days.  

The  time  step  was  selected  at  10.0  s,  resulting  in  a  grid  Courant  number  less  than  0.9  (a  value  

less  than  1.0  is  required).  The  parameter  values  adopted  in  the  simulations  are  reported  in  

Table  1.  Backward  particle  tracking  was  performed  to  reveal  the  flow  pathways  and  

associated  travel  time.  A  particle  tracking  code,  named  NEMO-3D,  based  on  the  random  

walk  particle  tracking  algorithm  was  used  [Geng  et  al.,  2014b;  Geng  et  al.,  2017b;  Geng  et  

al.,  2020].  The  neutrally  buoyant  particles  were  released  at  a  5-cm  interval  along  the  

sediment  surface, dr iven  by  the  flow  fields  obtained f rom  the  CYL-BIOMARUN  simulation.  

 

3. R esults  

3.1  Comparison  with  the  experiment  data  of  Khalili  et  al.  [1999]  

Khalili  et  al.  [1999]  conducted  experiments  to  investigate  recirculating  flow  through  benthic  

fluid-sediment  interfaces.  The  experimental  set-up  is  a  stationary  cylinder  that  contains  a  

fluid-saturated  porous  medium  with  supernatant  water  on  top.  The  recirculating  flow  was  

generated  by  deploying  a  rotating  lid  in  the  upper  fluid  region,  and  further  characterized  by  

monitoring  dye  washout  from  the  sediment.  Dye  transport  was  visualized  using  positron  

emission  tomography  (PET),  a  non-invasive  technique  which  allows  to  see  through  an  
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217 opaque  solid  matrix,  and  to  obtain  full  3-D  pictures  of  washing  out  dye  from  the  sediment.  In  

their  study,  digital  photographic  visualization  and  associated  image  processing  were  also  

performed  to  further  quantify  the  near-wall  dye-washout  depth.  Figure  2A  shows  a  

comparison  of  normalized  radioactivity  strength  measured  at  different  times  by  PET  along  

with  numerical  results  obtained  by  CYL-BIOMARUN  model  and  the  model  developed  in  

Basu  and  Khalili  [1999].  As  shown  in  the  figure,  the  CYL-BIOMARUN  model  reasonably  

captures  the  dye  transport  within  the  sediment  column.  The  results  of  washout  depth  show  

that  both  numerical  models  underestimate  the  first  half-hour  washout  of  dye  from  the  

sediment  (Figure  2B).  This  is  most  likely  due  to  the  loss  of  some  dye  from  the  sediment  to  

the  fluid  layer  when  the  experiments  were  initialized,  which  was  not  considered  in  the  

numerical  simulations.  

 

3.2  Simulations  of  pore-water  advection,  solute  exchange,  and  oil  biodegradation  in  a  

benthic  chamber  system  

Surface  pressure  gradients  have  a  strong  influence  on  flow  and  transport  processes  within  

benthic  sediments.  Figure  3A  shows  that  the  pressure  gradients  imposed  along  the  sediment  

surface  alter  subsurface  pressure  distribution,  creating  a  high-pressure  zone  at  the  outer  ring  

of  the  chamber  and  relatively  low-pressure  zone  in  the  proximity  of  the  chamber  center.  The  

resulting p ressure  differences  transmit  through  the  subsurface  and  generate  pressure  gradients  

in  both  radial  and  vertical  directions.  The  penetration  depth  is  approximately  20  cm  for  the  

simulations  considered  in  this  paper.  Figures  3C  and  3D  show  that  an  upper  plume  is  

generated  in  the  subsurface  with  seawater-derived  chemical  properties  that  are  distinguished  

from  ambient  groundwater.  This  is  expected  as  the  formation  of  the  plume  is  due  to  seawater  

infiltration.  The  plume  has  a  deeper  expansion  beneath  the  high-pressure  zone,  and  becomes  

shallower  as  it  moves  to  the  relatively  low-pressure  zone.  The  concentration  of  oxygen  
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gradually decreases from 6.0 mg/L to 1.0 mg/L and concentration of nutrients gradually 

increases from 0.2 mg/L to 1.2 mg/L in the proximity of the plume edge, indicating 

substantial mixing between seawater and groundwater in benthic sediments. The steady-state 

simulations show the maximum washout depth by seawater is ~20 cm while the thickness of 

the seawater-groundwater mixing zone is ~25 cm. 

Particle tracking results show the pressure gradients create a recirculation cell whereby 

seawater infiltrates into the benthic sediments through the high-pressure zone and 

groundwater discharge occurs along the low-pressure zone (Figure 4). Figure 4A shows the 

advective flow pathways within the recirculation cell simulated by a backward particle 

tracking scheme. Infiltration flow occurs near the outer ring of the chamber between R = 40 

cm and 50 cm, while exfiltration flow is present at the inner part of the chamber between R = 

0 and 40 cm. The particles migrating along deeper flow paths experience longer travel time 

(Figure 4B). In particular, the travel time of the particles discharged near the location of R = 

2 cm is about 100 years. The particles’ travel time drops exponentially as their discharge 

locations get close to the infiltration zone due to shorter flow paths. 

Oil biodegradation demonstrates a large spatial variation in benthic sediments. The 

concentration contour of alkanes shows that two biodegradation hotspots appear in the oiled 

sediment layer after 30 days near the top within the infiltration zone and near the bottom 

within the exfiltration zone, respectively (Figure 5A). The spatial extent of these two hotspots 

gradually expands with time (e.g., time t = 60 days and 100 days). After 300 days, nearly all 

the alkanes deposited within these two hotspots are biodegraded. In contrast, a considerable 

amount of alkanes still remains near the middle ring of the chamber. Similar tempo-spatial 

patterns are observed for PAHs as well but at much lower biodegradation rate (Figure 5B). 
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Compared to alkanes, biodegradation of PAHs is negligible within the first 100 days. After 

300 days, biodegradation of PAHs is around 15% near its hotspots, and negligible at other 

locations. Oil biodegradation greatly alters benthic oxygen conditions (Figure 5C). After 30 

days, the near-surface oxygen level significantly drops within the exfiltration zone to a 

concentration less than 1.0 mg/L, resulting in anoxic conditions for oil biodegradation. The 

oxygen level beneath the oiled sediment layer gradually decreases with time, due to large 

oxygen consumption from the upper oiled layer. In contrast, the oxygen content within the 

infiltration zone always remains above 2.0 mg/L, which provides a favorable aerobic 

condition for oil biodegradation. This is most likely because direct recharge of oxygen-rich 

seawater to some extent compensates for the oxygen consumption there. Compared to oxygen, 

the nutrient (nitrogen) condition remains at its original level. This is probably due to 

recycling of nutrients during the oil biodegradation processes (Figure 5D). On the one hand, 

oil degraders consume nitrogen for microbial growth, but on the other hand, they release 

nitrogen during their endogenous decay. 

Figure 6A reports the alkane biodegradation at three different radial locations. As expected, 

the highest biodegradation rate is observed at the outer ring of the chamber (i.e., R = 45 cm), 

where above 98% of alkanes are biodegraded after 300 days. The biodegradation rate tends to 

be lower as it moves to the inner side (i.e., R = 15 cm), where alkanes are biodegraded about 

80% after 300 days. The lowest alkane biodegradation occurs near the mid-ring location (i.e., 

R = 30 cm); nearly 10% of alkanes are biodegraded within the first 20 days, and then the 

biodegradation rate dramatically drops. Similar tempo-spatial patterns are also observed for 

PAHs at a much lower rate. This is consistent with tempo-spatial variation of oxygen level 

within the benthic sediment (Figure 6C). The oxygen concentration demonstrates a sudden 

decrease after the oil deposition. In particular, the oxygen concentration drops below 2 mg/L 
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at locations R = 15 cm and 30 cm, indicating anoxic environments there for oil 

biodegradation. In contrast, oxygen concentration at location R = 45 cm only drops down to 

4.5 mg/L and then recovers back to 5.5 mg/L after 300 days. 

Figure 7 reports the percentage (%) loss of alkanes and PAHs at different radial locations. 

Obviously, the % loss is the largest near the outer ring of the chamber (i.e., between R = 40 

cm and 50 cm), which is about 100% and 20% for alkanes and PAHs, respectively. 

Comparable loss of alkanes and PAHs is found at the zone between R = 5 cm and 15 cm. 

The % loss drops as it moves to the middle ring of the chamber, reaching the minimum at R = 

30~35 cm, which is about 35% and 5% for alkanes and PAHs, respectively. The minimum 

loss is also observed at the center of the chamber (i.e., between R = 0 and 5 cm), which is 

probably due to persistent low oxygen content there. 

Pore-water advection significantly affects oil biodegradation in benthic sediments. The pore-

water velocity contour shows a higher magnitude near the surface at the outer and inner ring 

of the chamber (Figure 8A). Interestingly, it is inconsistent with the magnitude of pressure 

imposed at the sediment surface, which gradually decreases along the radial direction from 

the outer ring boundary to the inner center of the chamber. This is due to the fact that the 

intensity of pore-water flow is determined by the pressure gradient rather than pressure itself. 

Figures 8B and 8C show exchange flux and flow across the sediment surface, respectively. 

Seawater infiltration occurs near the outer ring of the chamber between R = 40 cm and 50 cm, 

showing the largest rate at the chamber edge. In contrast, groundwater discharge occurs at the 

inner part of the chamber between R = 0 to 40 cm, reaching the highest rate at R = 25 cm. 

Although the majority of groundwater discharge appears near the middle ring of the chamber, 

discharge flux tends to be the largest near the inner center of the chamber (i.e., R = 5 cm), 
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and gradually decreases as the radius increases. It indicates a relatively poor hydraulic 

exchange at the middle ring of the chamber, which to some extent explains the relatively low 

oil biodegradation rate there. 

The interactions between benthic solute exchange and biodegradation of deposited oil in 

benthic sediments are dynamic. Figure 9A shows the temporospatial evolution of oxygen 

exchange across the water-sediment interface after the oil deposition. Although there is a 

steady oxygen recharge into the benthic sediments, the oxygen exchange curves tend to be 

flat at 0.0 mg/h along the entire discharge zone following the oil deposition (e.g., at time t 

=10 days and 100 days). It indicates that oil deposition impedes discharge of oxygen from the 

benthic sediments due to its large consumption for hydrocarbon biodegradation. The positive 

discharge of oxygen starts to occur again after 300 days of the oil deposition at locations 

between R = 30 cm and 40 cm which is in proximity of the oxygen recharge zone. It indicates 

that the oxygen concentration is returned to its initial levels by seawater infiltration after 

major amounts of oil are removed by biodegradation along the discharge flow paths. Figure 

9B shows the temporospatial evolution of oxygen flux at the bottom of the oiled layer (i.e., Z 

= 95 cm). The oxygen replenishment along the entire bottom of the oiled sediment layer 

largely decreases within the first 100 days following the deposition, particularly next to the 

infiltration zone between R = 30 cm and 40 cm. This is due to the oxygen consumption at the 

infiltration zone, diminishing the replacement of oxygen downstream. Such oxygen depletion 

has lesser impacts on farther discharge locations (e.g., between R = 5 cm and R = 30 cm) due 

to the following reasons: 1) initial oxygen storage within benthic sediments provides 

additional oxygen replenishment for downstream oil biodegradation, and 2) the higher water 

and oxygen flux at the farther discharge locations. The intensity of oxygen replenishment is 

consistent with the magnitude of oil biodegradation within the benthic sediments, indicating 
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342 the  importance  of  solute  (i.e.,  oxygen)  exchange  in  biodegradation  of  deposited  oil  in  benthic  

sediments.  

 

4. D iscussion  

Our  results  reveal  a  significant  role  of  benthic  flow  advection  and  solute  exchange  in  the  fate  

of  oil  deposited  within  permeable  marine  sediments.  Pore-water  advection  has  been  

recognized  as  one  of  the  most  important  drivers  for  benthic  biogeochemical  processes  

[Janssen  et  al.,  2005b;  Cook  et  al.,  2007;  Rocha,  2008].  Our  simulation  results  indicate  that  

bottom  current  flows  deflected  by  topographical  sediment  structures  will  create  subsurface  

pore-water  recirculation  cells  whereby  seawater  infiltrates  into  sediment  ripple  troughs  while  

groundwater  discharges  near  the  crest.  It  leads  to  a  dynamic  hydraulic  and  biogeochemical  

environment  for  hydrocarbon  biodegradation  in  benthic  sediments.  At  sediment  troughs,  the  

determinants  of  oil  biodegradation  rate  are  infiltration  rate  and  biogeochemical  properties  of  

seawater, w hile  biodegradation of   oil  deposited n ear  the  sediment  crest  is  primarily  controlled  

by  upwelling  groundwater  flux  beneath  the  exfiltration  zone.  Therefore,  oil  deposited  within  

marine  sediments  demonstrates  spatially  different  biodegradation  rates.  Faster  oil  

biodegradation  occurs  in  sediment  ripple  troughs  due  to  direct  and  sufficient  oxygen  recharge  

by  seawater  infiltration.  In  contrast,  biodegradation  of  oil  deposited  uphill  is  slow  and  even  

anoxic  (i.e.,  extremely  slow).  Such  spatial  variations  will  increase  the  level  of  challenge  to  

assess  oil  spill  contamination  in  marine  sediments  solely  based  on  field  measurements.  This  

is  because  random  selection  of  oil-contaminated  sediment  samples  might  cause  large  

variability  of  oil  measurements  as  natural  attenuation  of  oil  behaves  differently  in  marine  

sediments,  depending  on  local  topographic  and  flow  patterns.  Our  results  suggest  that  

characterization  of  sediment  topographic  properties  and  hydraulic  conditions  at  sampling  

locations  are  essential  for  thorough  data  interpretation  and  assessment  of  oil  spills  
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contaminating marine sediments. 

Dissolved oxygen and nutrients are key factors affecting hydrocarbon biodegradation; limited 

availability of either could slow down the biodegradation rate considerably [Passow and 

Overton, 2021; Wang et al., 2021]. It has been observed that dissolved oxygen concentration 

affects aerobic microbial growth in a sharp way [Borden and Bedient, 1986; Borden et al., 

1986; Chiang et al., 1989]. The optimal oxygen concentration for microbial activities to 

support aerobic oil biodegradation is 2.0-3.0 mg/L, above which increasing the oxygen 

concentration does not enhance the microbial activities. However, when the concentration 

drops below 2.0 mg/L, microbial activity switches sharply from aerobic to anaerobic in a way 

that dramatically decreases oil biodegradation rate. Seawater infiltration into marine 

sediments has been found to provide a major source of dissolved oxygen that enhances 

sedimentary respiration as well as hydrocarbon biodegradation [Anschutz et al., 2009; Santos 

et al., 2009]. Our results demonstrate that pore-water advection provides a critical control on 

benthic solute (e.g., oxygen and nutrients) exchange. Ripple-flow interactions generate an 

oxygen-rich plume beneath the benthic sediment surface, which has strong implications on 

the fate and biodegradation of oil deposited in marine sediments. It likely creates an oxygen-

rich environment (i.e., above 2 mg/L) at ripple troughs that is favorable for aerobic oil 

biodegradation. In contrast, oil biodegradation becomes slow and even anoxic near the ripple 

crests because of the fact that oxygen is primarily consumed by oil biodegradation near the 

recharge zone (i.e., ripple troughs) which reduces downstream oxygen replenishment. Our 

results also show that oil deposition restructures benthic oxygen conditions. Oil 

biodegradation reduces subsurface oxygen content, and consequently impedes discharge of 

oxygen from the water-sediment interface. Such change could have long-term impacts on 

benthic microbial community structures which have a large potential to alter nitrogen 
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dynamics, especially inorganic nitrogen release and denitrification processes [Giblin et al., 

1995; Werner et al., 2006]. 

5. Conclusion 

In this paper, we conducted numerical simulations of flow and solute transport processes and 

hydrocarbon biodegradation in a cylindrical benthic chamber system to investigate influences 

of benthic flow and solute exchange on oil biodegradation in marine sediments. Our results 

show that ripple-flow interactions create subsurface recirculation cells whereby seawater 

infiltrates into the benthic sediments through ripple troughs while groundwater discharges 

near ripple crests. It leads to spatially varied oil biodegradation rate in marine sediments, 

depending on local topographic and flow patterns. Significant oil biodegradation will occur in 

sediment ripple troughs due to direct and sufficient oxygen recharge by seawater infiltration. 

In contrast, biodegradation of oil deposited uphill is slow and under anoxic condition where 

oxygen replenishment is prohibited. Overall, this study reveals endogenous mechanisms 

within permeable benthic sediments that affect persistence and biodegradation of the 

deposited oil. It highlights the importance of benthic flow advection and solute exchange on 

characterizing fate of oil after its deposition within marine sediments. In particular, benthic 

flow recirculation along with solute exchange (e.g., oxygen and nutrients) creates a highly 

dynamic environment that increases spatial variability of oil decomposition within marine 

sediments. In coastal environments, permeability of sediments is heterogeneous, which could 

strongly alter magnitude and pathways of pore-water flows. In addition, relatively low 

temperature and high pressure in deep ocean could play an important role in benthic oil 

biodegradation there. These factors are not considered in current work, which are essential 

and need to be included in future studies. 
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Figure  Captions  

Figure  1.  Schematic  of  oil  deposition  and  benthic  exchange  processes  within  permeable  

marine  sediments.  Note  that  the  pressure  gradients  generated  by  ocean  currents  over  ripples  

create  circulation  cells  in  marine  sediments  with  flows  infiltrating  in  the  ripple  troughs  and  

exfiltrating  from  crests.  

 

Figure  2.  (A)  a  comparison  of  normalized  radioactivity  strength  measured  by  PET  (gray-

scale  filled  contours)  in  Khalili  et  al.,  (1999)  with  numerical  results  obtained  from  Basu  and  

Khalili  (1999)  and  CYL-BIOMARUN  model  at  different  times.  The  dashed  and  solid  curves  

represent  the  simulated  radioactivity  of  0.5  and  0.9,  respectively.  (B)  A  comparison  of  

washout  depths  obtained  from  experiments  and  numerical  simulations.  Note  that  in  order  to  

compensate  for  the  effect  of  premixing  (i.e.,  observed  loss  of  some  dye  from  the  sediment  to  

the  fluid  layer  at  the  initial  instant  of  the  experiments)  in  the  experiments, K halili  et  al.,  (1999)  

shifted  back  their  numerical  results  by  12  minutes  for  additional  comparison,  plotted  as  a  

dashed l ine.  

 

Figure  3.  Simulated  steady-state  distributions  of  (A)  pressure,  (C)  dissolved  oxygen,  and  (D)  

nutrient  (i.e.,  nitrogen)  in  the  benthic  chamber  system.  (B)  Initial  oil  (i.e.,  alkanes  and  PAHs)  

distribution  in  the  benthic  sediment.  In  Figure  3A,  the  upper  panel  shows  the  pressure  

distribution  along  the  water-sediment  interface,  and  the  lower  panel  shows  steady-state  

pressure  increment  (above  100  cm)  built  by pr essure  gradients  imposed  at  the  water-sediment  

interface.     

 

Figure  4.  (A)  Simulated  flow  paths  of  the  particles  released  at  0.1-m  interval  along  the  

sediment  surface  from  R  =  2  cm  to  50  cm.  (B)  Travel  time  of  the  particles.  Note  that  

backward  particle  tracking  was  used  to  track  advective  flow  paths.  The  start  and  end  

locations  of  particle  flow  paths  are  marked w ith bl ue  symbols  and  a  red l ine, r espectively.    
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451 Figure  5.  Simulated  concentration  contours  of  (A)  alkanes,  (B)  PAHs,  (C)  oxygen,  and  (D)  

nutrient  at  different  times.  The  dashed  contour  lines  for  alkanes  and  PAHs  represent  75%  and  

95%  of  its  initial  concentration,  respectively.  The  threshold  of  2.0  mg/L  that  supports  aerobic  

oil  biodegradation  is  marked  in  oxygen  contours.  The  nutrient  contours  demonstrate  a  

negligible  change  with  time;  therefore,  only  its  300-day  concentration  contour  is  shown  

herein.  

 

Figure  6.  Temporal  change  of  concentration  for  (A)  alkanes,  (B)  PAHs,  and  (C)  dissolved  

oxygen  at  three  different  radial  locations  (Z  =  97.5  cm,  and  R  =  15  cm,  30  cm,  and  45  cm).  

The  output  locations  are  marked  in  the  upper  panel  using  the  same  color  as  the  concentration  

curves.  

   

Figure  7.  Percentage  loss  of  (A)  alkanes  and  (B)  PAHs  at  different  radial  locations.   

 

Figure  8.  (A)  Simulated  pore-water  velocity  field.  The  spatial  distribution  of  (B)  exchange  

flux  (cm3/h. cm 2)  and  (C)  exchange  flow  (cm3/h)  along t he  sediment-water  interface.  In  Figure  

8A,  the  color  contour  and  uniform  vectors  represent  magnitude  and  direction  of  pore  water  

flow, r espectively.  

 

Figure  9.  (A)  Oxygen  exchange  across  the  water-sediment  interface.  (B)  Oxygen  flux  across  

bottom  of  the  oiled  layer  (i.e.,  Z  =  95  cm).  Note  that  the  positive  and  negative  values  

represent  upward  and do wnward f low  directions,  respectively.   
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